Abstract HOC, which is produced by the action of myeloperoxidase during the respiratory burst of stimulated neutrophils, was used as a cytotoxic reagent in P388D1 cells. Low concentrations of HOCI (10-20 MAM) caused oxidation of plasma membrane sulfhydryls determined as decreased binding of iodoacetylated phycoerythrin. These same low concentrations of HOCI caused disturbance of various plasma membrane functions: they inactivated glucose and aminoisobutyric acid uptake, caused loss of cellular K+, and an increase in cell volume. It is likely that these changes were the consequence of plasma membrane SH-oxidation, since similar effects were observed with para-chloromercuriphenylsulfonate (pCMBS), a sulfhydryl reagent acting at the cell surface. Given in combination pCMBS and HOCI showed an additive effect.
Introduction
When neutrophils are stimulated they release oxidants that serve as antimicrobial weapons but at the same time may cause injury ofthe surrounding tissue (1) (2) (3) (4) . Both H202 (5) (6) (7) (8) as well as neutrophil derived proteases (9, 10) have been shown to induce injury in various target cells. HOCI formed from H202 by the action of myeloperoxidase has similarly been shown to be cytotoxic (11, 12) . Because a minimum of 25-40% (13, 14) of the H202 formed by stimulated human PMNs is halogenated into HOC1, it seemed important to define the mechanisms involved in HOCl-induced impairment of cell function.
Bacteria exposed to HOCI are killed within milliseconds after the addition of the oxidant (15, 16) . Inhibition of bacterial membrane transporters (17) as well as damage to their containing 50 nCi 203Hg-pCMBS (Amersham Corp., Arlington Heights, IL; 10-100 mCi/g Hg). After a 5-min incubation at 370C, 200-id aliquots ofcell suspension were centrifuged through silicone oil as described for amino acid uptake. pCMBS as a charged molecule (28) does not penetrate into uninjured cells.
Since pCMBS binding is affected by plasma membrane permeability changes, a larger size sulfhydryl reagent was needed to quantify extracellular -SH groups in HOCI damaged cells: iodoacetylated Rphycoerythrin (I-PE, mol wt 240,000; Molecular Probes, Eugene, OR) was used for this purpose. I X 106 P388DI cells/500 Ml MGB were incubated with HOCI for 10 min at 370C. 5 ,d 0.5 M Tris, pH 8.5 was added to bring the pH to 7.9, followed by 1 1.1 g/sample of I-PE. This concentration of phycoerythrin label had been titrated to yield maximal binding. The cells were incubated for 30 min at room temperature, and phycoerythrin binding was determined by FACS analysis (FACS IV, Becton Dickinson Co., Mountain View, CA) using rhodamine filters. To subtract background fluorescence, cells were exposed to 16 mM fl-mercaptoethanol before the addition of I-PE, which completely prevented labeling of the cells.
Glutathione determination. Total and oxidized glutathione were determined as previously described except that the samples were assayed on microtitertek plates (29) . GSH was calculated as the difference between the two determinations.
Determination ofprotein methionine sulfoxideformation. P388D1 cells were labeled with 10 MCi [35S]methionine (600 Ci/mmol; New England Nuclear, Boston, MA) for 18 h. After two washes in MGB, the cells were exposed to HOCG for 15 min at 37°C, and protein was precipitated by TCA. The samples were boiled for 10 min, microfuged, and washed twice with TCA to remove free methionines. Cell precipitates were solubilized in 70% formic acid and digested with 30 mM cyanogen bromide for 20 h. Cyanogen bromide cleaves proteins at methionine residues forming volatile isothiocyanate, whereas oxidized methionine is not reactive with cyanogen bromide. "S-label was determined before and after removing [35Slisothiocyanic acid by volatilization under N2, and label in methionine was calculated from the difference. Label in methionine sulfoxide was calculated from the amount of label that was not volatilized (20).
Determination oftryptophan fluorescence. Cells were TCA precipitated as described for sulfhydryl determination, solubilized in SDS, and fluorescence (280 nm excitation, 345 nm emission) (30) was determined on a fluorometer (Perkin-Elmer Corp., Norwalk, CT). Tryptophans were quantitated by comparison with a bovine albumin standard, assuming 2 tryptophans/albumin molecule.
Determination ofprotein carbonyls. Protein carbonyls were determined as described by Starke et al. (31) except that whole cell sonicate rather than only the supernatant fraction was TCA precipitated. In this assay dinitrophenylhydrazine forms hydrazone products with aldehydic protein groups.
Determination ofamino acid uptake.
[3H]aminoisobutyric acid was used as a nonmetabolized amino acid analogue. Cells were exposed to HOCI for 15 GAPDH and hexokinase activities were determined as described (32, 39) . When GAPDH activity was determined in pCMBS-treated cells, the cells were washed twice to remove traces of extracellular pCMBS. DNA strand breaks were measured by alkaline unwinding (37, 40) , and poly-ADP-ribose polymerase activity was measured as TCA precipitable [3H]NAD-derived label of digitonin-treated cells (36, 41) .
Ammonia was determined with a Sigma kit (Sigma Chemical Co.; No. 70-UV).
Results

HOCI-induced cell lysis
A dose-response assay of the quantity of HOCI inducing cell lysis as a function oftime is presented in Fig. 1 (Fig. 3) of HOCI, presumably due to deamination after chloramine formation of NH2-terminal amino acids and lysine residues (43) .
Effect ofHOCI on plasma membrane transporterfunction. Since HOCI is a potent -SH oxidizing reagent and since reduced thiols are essential for the function of various cellular transport systems (44) (45) (46) , the effect of HOCI on some of these transporter activities was assessed. Effect ofHOC! on glucose uptake. When [3H]2-deoxyglucose (DOG) uptake was determined in P388D1 cells exposed to HOCI for 15 min, a dose-dependent inhibition of uptake was observed with complete inhibition at 50 uM HOCI (Fig. 4  A) . When a dose ofcytochalasin B that half-maximally inhibits glucose uptake (0.2 ,M) (32, 47) was added before the HOCI, a parallel inhibition curve was obtained (Fig. 4 A) pCMBS caused a similar inhibition of [3HJDOG uptake (Fig. 4 A) . Methionine prevented inhibition of glucose transport only if added before the HOCL.
Effect of HOCi on [IHlaminoisobutyric acid uptake.
Aminoisobutyric acid is taken up by the "A" transport system for amino acids, but is then not incorporated into protein.
[3H]Aminoisobutyric acid uptake was inhibited by the same concentrations of HOCl as the glucose transporter (Fig. 4 B) .
pCMBS again inhibited this transport system. When 5 gM pCMBS and 10 MAM HOCI, either one of which caused about a 20% inhibition of transport on its own, were added together, this resulted in a 43% inhibition of aminoisobutyric acid uptake.
[3H]Leucine uptake which is transported by the "L"-system and is not Na'-dependent, was similarly inhibited by HOCI, showing a 50% inhibition at 24 ,M HOC.
Effect of HOCi on cell volume. The same concentration range of HOCI led to an increase of cell volume. The observation of cell swelling was originally made when examining cells exposed to 20-40 MM HOCl under the microscope. Fig. 5 A shows the increase ofcell volume 30 min after the addition ofa bolus of HOCl as measured on a FACS analyzer. 3H20 space increased in parallel (Fig. 5 A) , but to a lesser degree. pCMBS, but not other sulfhydryl reagents (1 mM iodoacetate, 200 ,M n-ethylmaleimide, or 1 mM DTNB) caused a similar increase in cell volume (Fig. 5 A) . When cells were exposed to HOCl in the presence ofpCMBS, an additive effect on cell volume was observed (Fig. 5 B) .
The increase in volume of P388D1 cells could be largely prevented, when 1 mM DTT was added 30 s after the addition of HOCl, suggesting a sulfhydryl oxidation mediated mechanism (Fig. 5 B) .
When the Na' buffer was replaced by choline chloride, a much bulkier molecule, the increase in cell volume was similarly prevented (Fig. 5 B) . The same replacement of MGB by choline chloride did not prevent cell lysis nor did it prevent the efflux of 86Rb from cells exposed to HOC1 (see below). Thus the increase in cell volume was associated with, but not causative of HOC1 induced cell lysis.
Effect ofHOC1 on cation fluxes. Since the volume increase and its inhibition by choline chloride suggested that HOCI caused an ionic imbalance, cellular cations were determined. (Fig. 7 A) .
5 mM BaCl2, an inhibitor of K+ channels (48), prevented HOCl induced increased 86Rb efflux at low concentrations of HOCI (5-20 MM), but only slightly inhibited the 86Rb efflux at higher concentrations (Fig. 7 B Na') were measured by = -73±7 mV. The ionic redistribution in the presence of K+ was observed (Fig. 6 ).
HOCI thus did not appear electrogenic in these cells. I X 101 P388D1 cells/50 ml were exposed to HOCI for 15 min.
Plasma membranes were prepared by differential centrifugation and ATPase activity was determined as described in Methods.
Na5/K'ATPase and Ca2"ATPase activities were calculated from the total activity minus the activity in the presence of 0.2 mM ouabain or 5 mM EGTA, respectively.
membrane. We then examined the possibility that HOCI could traverse the plasma membrane to induce oxidative changes intracellularly. Several intracellular targets were examined: GAPDH, hexokinase, DNA, NAD, and ATP, and mitochondrial 02 consumption. GAPDH of the glycolytic pathway is very sensitive to oxidative inactivation (16, 32) and was indeed inhibited with concentrations of HOCI that did not cause cell lysis (Fig. 8 A) . If cells were lysed with 0.01% digitonin before the addition of HOCI, 90% inactivation of GAPDH was seen with 10 gM HOCl, indicating that the cytoplasmic location protects GAPDH from inactivation in intact cells to a considerable degree, but not completely. pCMBS similarly inactivated GAPDH (59% inactivation at 10 gM) in spite of its poor membrane permeability (44) . (Table III) , but may have been due to inhibition of glucose uptake rather than GAPDH inactivation.
Mitochondrial respiration was also inhibited by HOCI, but again fairly high concentrations of the oxidant were necessary: half-maximal inhibition of basal 02 consumption in whole P388D1 cells was observed with 80 ,uM HOCI (Fig. 8 B) .
Cellular ATP concentrations fell after the addition of HOCI (Fig. 9 A) . No extracellular ATP was observed under these conditions. This loss of ATP with low concentrations of HOCI thus was presumably due to changes in ATP metabolism, such as glucose transport inhibition. With more severe injury it became impossible to differentiate between inhibition of ATP synthesis and leakage of ATP into the extracellular medium, followed by extracellular degradation: When cells lost 89% oftheir ATP, 60% ofthe remaining ATP was found in the extracellular medium, indicating that it was not degraded, but lost due to permeability changes in the plasma membrane.
In contrast to H202, HOCI in concentrations up to 200 ,M did not induce DNA strand breaks in P388D1 cells or isolated PM2 phage DNA. Nor could the sequelae of DNA strand break formation seen in H202 injured cells (8) including activation of poly-ADP-ribose-polymerase and early NAD depletion be observed. Fig. 9 B shows the effect of HOCI on cellular NAD levels. Lost intracellular NAD could be quantitatively recovered in the extracellular fluid, indicating that it was not degraded, but lost due to permeability changes in the plasma membrane. same changes were observed in the presence ofpCMBS, which acts primarily with plasma membrane -SHs (44, 45, 52) . The additive effect of HOCI and pCMBS on 06Rb efflux, aminoisobutyric acid uptake and increase in cell volume suggests that the two reagents act upon functionally similar cellular targets, presumably extracellularly accessible -SH groups.
Discussion
Under conditions where glucose uptake is inhibited by -75%, ATP formation and lactate production are inhibited by -50%. GAPDH is inactivated in the same concentration range. It is not clear at this point whether the inactivation of GAPDH was caused by penetration of a small amount of HOCI into the cell, or whether GAPDH is inactivated due to -SS-exchange between extra-and intracellular moieties; on the one hand HOCl can penetrate lipid vesicles and bleach 5-carboxyfluorescein inside these vesicles leading to decreased fluorescence after Triton X-100 lysis of these liposomes (53) ex- (Table IV) , suggesting that HOCG induced cell death was due to perturbation ofplasma membrane integrity with preferential leakage of small molecules. The nonspecific protein oxidation caused by HOC1 made it difficult to disect malfunctioning of specific pathways as causative of cell death. Various SH-oxidizing agents (e.g., pCMBS, cystamine) (55) cause cell death, and it is likely that HOCI induces cell death due to sulfhydryl oxidation. However, sublytic concentrations of HOCI may be sufficient to cause cellular dysfunction (56) .
Comparison between cellular targets ofHOCl and H202. Similarly, when sulfhydryl-dependent plasma membrane functions were determined only HOCG, but not H202 affected these parameters in our system: glucose transport, amino acid transport, and plasma membrane ATPases were all inhibited by HOCG, but not by H202 (8, 32) . H202 had no effect on cell volume (34) and K' loss was a late event that presumably followed Na+K+-ATPase inactivation due to > 90% depletion of cellular ATP (33, 58 (33, 57) , and cytoskeletal derangement (55) .
DNA damage although induced by very small concentrations of H202 is not necessarily followed by loss of cell integrity. HOCl-induced cell death, on the other hand, occurs rapidly. Looking at cell membrane integrity, it is 10 times more cytotoxic than H202, and since at least 30-40% of the H202 produced by stimulated PMNs is converted into HOCG (13, 14) , local HOCl formation may well be in the 100-MAM range.
HOCG did not induce DNA strand breaks and while it is likely that HOCI will react with DNA bases (16) , it is doubtful that it can reach nuclear sites except after cell lysis. Comparison between HOCi and chloramines. Chloramine toxicity has been investigated in much more detail at this point (21) (22) (23) , and there are problems in differentiating the effects of one from the other. While amino acids as well as NH! are abundant in vivo, direct effects of HOCI cannot be excluded since MPO binds avidly to target cells thus directing HOCI formation to the plasma membrane. Since our buffer was protein and amino acid-free and the release of NH, from 2 X 106 P388DI cells did not exceed 14.0±3.2 nmol over a period of 30 min at 370C, chloramines were no primary source of oxidants in our system, although secondary chloramine formation from cellular proteins cannot be excluded. Indeed, in vivo the formation of less reactive chloramines may serve a protective role.
In summary, HOCI proved to be cytotoxic to P388D1 cells with a threshold dose of 20-30 jM. Even lower doses ofHOCI inhibited various sulfhydryl dependent plasma membrane functions.
